competition (Achtnich, Bak, & Conrad, 1995; Lovley & Goodwin, 1988) . Indeed, results from some previous studies match this model (Achtnich et al., 1995; Jackel & Schnell, 2000; Lipson et al., 2012; Lueders & Friedrich, 2002; Peters & Conrad, 1996; Roden & Wetzel, 2003) . However, findings from numerous other studies demonstrate that this conceptual model is an oversimplification. Several studies have found evidence that methanogenesis and iron reduction can occur simultaneously (Flynn et al., 2013; Herndon et al., 2015; Jakobsen & Postma, 1999; Küsel, Blöthe, Schulz, Reiche, & Drake, 2008; Metje & Frenzel, 2007; Paul, Küsel, & Alewell, 2006; Reiche, Torburg, & Küsel, 2008) . Some hydrogen-utilizing methanogens can directly reduce ferrihydrite (Bond & Lovley, 2002) . Moreover, methanogenic micro-organisms can even form syntrophic partnerships with iron reducers through direct interspecies electron transfer (DIET; Rotaru, Shrestha, Liu, Markovaite, et al., 2014; . In this case, iron reducers oxidize the electron donor and transfer electrons to methanogens for methane generation via carbon dioxide reduction (Lovley, 2017) .
Although the complexity of interactions between iron reduction and methanogenesis has become clearer, environmental factors that affect the balance between each reaction are poorly known.
In this study, we examine the influence of environmental pH on the balance between methanogenesis and iron reduction. We hypothesize that pH can influence the relative amounts of methanogenesis and iron reduction in given system because microbial Fe reduction is highly sensitive to pH. Variation in pH affects the amount of energy released by the reaction as well as sorption of ferrous iron onto (oxyhydr)oxide surfaces. As pH decreases, reduction of iron in (oxyhydr)oxide minerals becomes more energetically favorable because, unlike methanogenesis, the reaction consumes a large number of protons (Bethke, Sanford, Kirk, Jin, & Flynn, 2011; Jin & Kirk, 2018; Postma & Jakobsen, 1996 ; Table 1 ). The ability of ferrous iron to sorb also decreases because sorption sites on oxide surfaces increasingly protonate as pH decreases (Dixit & Hering, 2006) . Both effects can impact the kinetics of iron reduction. Microbes that conserve energy from more favorable reactions have advantages, including higher biomass yield and faster reaction rates, over those using less favorable reactions (Jin & Bethke, 2007; LaRowe & Amend, 2015; Roden & Jin, 2011) . Moreover, rates of iron reduction decrease as sorbed ferrous iron fouls ferric mineral surfaces (Benner, Hansel, Wielinga, Barber, & Fendorf, 2002; Roden & Urrutia, 1999 , 2002 . Therefore, the impact of pH on iron reduction has the potential to affect its significance relative to other microbial reactions.
As an example, previous studies have found that pH influences the balance between iron reduction and sulfate reduction. Although iron reduction is sensitive to pH, sulfate reduction is affected relatively little by pH changes. In fact, micro-organisms can capture more energy from sulfate reduction than iron reduction in alkaline systems (Bethke et al., 2011; Postma & Jakobsen, 1996) . Evidence that pH influences interactions between each reaction includes rates observed in an aquifer (Jakobsen & Postma, 1999) , results of laboratory experiments (Flynn, O'Loughlin, Mishra, DiChristina, & Kemner, 2014; Kirk, Santillan, Sanford, & Altman, 2013) , and broad-scale variation in groundwater geochemistry (Kirk, Jin, & Haller, 2016) .
To test whether the balance between iron reduction and methanogenesis also varies with pH, we carried out sediment bioreactor experiments and compare our findings to patterns in aqueous chemistry in natural systems. Specific aims of our experiments were to test the impact of pH on the balance between each reaction, identify ecological underpinnings of variation in reaction balance, and examine potential geochemical triggers. We performed three experiments in triplicate, each consisting of two sets of bioreactors: one set received acidic medium (pH 6) while the other set received alkaline medium (pH 7.5). For experiment "ac-FeOOH," the aqueous media contained acetate (0.25 mM), which served as an electron donor, and the reactor sediment was amended with goethite (10 mM), to provide a source of ferric iron for iron-reducing micro-organisms.
Experiment "FeOOH-only" did not include acetate in the aqueous media and experiment "no-FeOOH" did not include added goethite.
Otherwise, reactors for FeOOH-only and no-FeOOH were identical to those for ac-FeOOH.
| MATERIAL S AND ME THODS

| Bioreactor experiments
The bioreactors consisted of 160 ml serum bottles that contained 100 ml of aqueous medium and approximately 1 g of marsh sediment, which served as inoculum and a source of organic substrates (Supporting Information Table S1 ). We designed the medium to mimic composition of the marsh water where the sediment inoculum was collected. To focus on the interaction between iron reduction and methanogenesis, however, we excluded sulfate from the medium. We also added small amounts of ammonium and phosphate to support microbial growth and, except for the FeOOH-only a Sources of ferric iron in the example iron reduction reactions are goethite (FeOOH), the most common iron oxyhydroxide (Cornell & Schwertmann, 2003) , and smectite, a clay mineral. The stoichiometry for smectite reactions is based on Stucki and Kostka (2006) .
reactors, acetate to serve as an additional electron donor (Supporting Information Table S2 ).
The pH of aqueous media in the reactors was set to either 6 or 7.5. We selected these levels based on the thermodynamic analysis of Jin and Kirk (2018) . According to the analysis, iron reduction has a greater thermodynamic drive than methanogenesis at acidic pH, but methanogenesis has the advantage at alkaline pH in systems that contain well-ordered ferric (oxyhydr)oxides such as hematite (α-Fe 2 O 3 ) and goethite (α-FeOOH). The tipping point for such systems is about pH 7. Thus, our experiments examine both sides of that tipping point.
To remove dissolved oxygen and set the pH, we sparged the medium for 2 hr/L with an oxygen-free mix of carbon dioxide (CO 2 ) and nitrogen gas (N 2 ; Supporting Information Table S2 ). Because solution pH varies with the activity ratio of bicarbonate to CO 2 (Stumm & Morgan, 1996) , we modified the N 2 :CO 2 ratio based on the desired pH of the medium. The concentration of bicarbonate in the medium was 5 mM. Accordingly, N 2 :CO 2 in the sparge gas was 65:35 for pH 6 and 99:1 for pH 7.5. We scrubbed trace oxygen from the sparge gas by passing it through a heated column filled with copper wool (Hungate, 1969) . We stored the media in 1 L gas-tight bottles. Each week, we measured the pH of the media and re-sparged it if the pH deviated from target values.
Ferric iron (Fe(III)) was amended to each bioreactor (apart from no-FeOOH reactors) by adding 1 mmol of synthetic goethite, the most common ferric oxyhydroxide mineral in soil environments (Cornell & Schwertmann, 2003) . We synthesized the goethite using a ferrous iron oxidation method (Schwertmann & Cornell, 2000) and verified its identity using powder x-ray diffraction (pXRD; Kirk, Roden, Crossey, Brearley, & Spilde, 2010) and iron K-edge extended x-ray absorption fine structure (EXAFS) spectroscopy as described by Kwon et al. (2014) . Spectra obtained from pXRD matched available goethite standards (Supporting Information Figure S1 ).
EXAFS characterization confirmed that the iron added was primarily goethite, but features in the data suggest the possibility of nanoporous morphology (Supporting Information Figure S2 ). The data from our starting goethite match closely the data from a previously characterized nanoporous goethite phase (Konishi, Xu, & Guo, 2012) . Linear combination fits result in 75% bulk goethite with the remainder (25%) present as a disordered iron phase best fit as ferrihydrite. Details of the goethite synthesis and x-ray characterizations are available in the supporting information. For simplicity, we refer to the synthetic goethite simply as "goethite" while acknowledging the potential presence of embedded ferrihydrite particles that have not yet transformed to goethite.
To assemble the reactors, we first added aqueous medium and goethite, sparged them with O 2 -free gas, plugged them with butyl rubber stoppers, and then sterilized the reactors using an autoclave (30 min at 121°C). Next, we placed the bioreactors in an anaerobic chamber (Coy Labs, 2%-5% H 2 with N 2 balance and Pd catalyst), removed their stoppers, and added marsh sediment and ferrous chloride (100 μM final concentration). The sediment and ferrous chloride served as inoculum and as a reducing agent, respectively. We then replaced the stoppers and sealed the reactors with aluminum crimp seals, inserted a sterile 4-inch stainless steel needle, and capped the needle with a gas-tight syringe valve. The needle extended into the aqueous phase and was used for fluid exchanges during the experiment. Lastly, we removed the reactors from the anaerobic chamber and sparged them with filter-sterilized, O 2 -free gas to adjust gas composition to values consistent with the aqueous media (Supporting Information Table S2 ).
We incubated the reactors in the dark at 20°C until the concentration of acetate had stabilized for >1 month (91 days total).
Every seven days during the incubation, we sampled the reactors by removing 20 ml of the aqueous volume through the fixed needle without disturbing reactor solids. We then immediately replaced the sampled volume with 20 ml of fresh unreacted medium.
| Marsh sediment inoculum
We collected marsh sediment and water on January 30, 2016 from the floodplain of the Big Blue River near its mouth on Tuttle Creek
Reservoir just west of Olsburg, Kansas (latitude 039°27′38.988″N longitude 096°41′25.3428″W). During that time, the sediment was submerged beneath a thin layer of ice and 0.25 m of water. We collected a water-saturated sediment sample to use as inoculum using a sterile (autoclaved) jar, which we stored in the laboratory at 20°C.
This pre-incubation period allowed endogenous electron donors (e.g., organic matter) to deplete prior to initiation of the experiments.
Experiments ac-FeOOH and FeOOH-only were initiated 3 months after we collected the sediment, whereas experiment no-FeOOH was initiated about 1 year after the sediment was collected. As a result, endogenous electron donors were depleted to a greater extent for the no-FeOOH experiment than the others.
In addition to the inoculum sample, we also collected soil samples for chemical and microbial analysis and water samples for chemical analysis. We stored the soil samples in sterile 50 ml centrifuge tubes at −80°C and the water samples in 60 ml polyethylene bottles at 4°C. We carried out the analyses as described below. Results of the analysis of marsh sediment are provided in Supporting Information Table S3 .
| Chemical analysis
Each week during the incubation, we measured pH and concentrations of anions (acetate, chloride, nitrate, and sulfate) and ferrous iron in reactor samples. We also periodically analyzed headspace methane abundance and concentrations of cations (sodium, ammonium, potassium, magnesium, and calcium), sulfide, and alkalinity in reactor solution samples. Similarly, for each fresh batch of aqueous medium and the marsh water samples, we analyzed pH, alkalinity, and concentrations of anions and cations.
For all water chemistry analyses except pH measurements, we filtered the samples using syringe filters with 0.45 μm pores. We measured pH using an Oakton PC300 pH meter. To evaluate concentrations of ferrous iron and sulfide, we used the ferrozine method (Stookey, 1970) and the methylene blue method (Eaton, Clesceri, & Greenberg, 1995) , respectively, with a Thermo Scientific Genesys 10S UV-Vis spectrophotometer. We analyzed alkalinity concentrations using Gran alkalinity titrations with 0.02 N sulfuric acid. For analysis of anion and cation concentrations, we used Dionex ICS-1100 ion chromatographs. For methane analysis, we used a GOW MAC series 580 gas chromatograph equipped with a thermal conductivity detector. Prior to extracting gas samples, we measured headspace pressure using a low-pressure mechanical gauge.
To characterize the composition of marsh sediment, we evaluated soil pH, elemental composition, organic matter content, particle size distribution, and iron mineralogy. To measure soil pH, we mixed equal parts (by mass) of soil and deionized water, vortexed the mixture, and then measured pH after a 60-min equilibration.
We conducted elemental analysis using a Bruker Tracer III Handheld X-Ray Fluorescence (XRF) with a soil/mudrock calibration (Rowe, Hughes, & Robinson, 2012) . For the analysis, about 3 g of the airdried sample was ground to a fine powder (~50 μm) and put into a plastic Chemex ® XRF sample cup with one end covered with 4 μm thick Prolene ® film. The sample and each standard were analyzed for major elements (Mg, Al, Si, P, S, K, Ca, Ti, Mn, and Fe) with vacuum pump attached to create a vacuum in the interior of the gun and no filter at 15 kV and 25 μA for 180 s. We evaluated organic matter content semi-quantitatively on 5 g of air-dried sample using the loss-on-ignition (LOI) method (Schumacher, 2002) . To evaluate particle size distribution, we analyzed 0.5 g of air-dried sample on a Malvern Mastersizer 3000 with a Hydro EV wet dispersion accessory. For the analysis, we assumed a clay/silt boundary of 8 μm (Konert & Vandenberghe, 1997) . Lastly, we evaluated the relative abundance of iron minerals in the inoculum using EXAFS. Linear combination (LC) analysis of the EXAFS indicates that iron in the inoculum is found in clay minerals, not iron oxides. The best LC fit of the experimental EXAFS spectra was obtained with 37% of the solid-phase iron present as NAu-1 nontronite, 33% as SWy-2 montmorillonite, and 30% as kaolinite (Supporting Information Figure   S3 ). LC fits with any of the iron oxides produced significantly inferior results, indicating that if present at all, iron oxides are <10% of total Fe in the inoculum. Details of the EXAFS characterization are available in the Supporting Information.
| Microbial community analysis
We collected samples for microbial community analysis at the end of the experiment from each reactor. To obtain each sample, we mixed the reactors, withdrew 3 ml of reactor fluid and solids with a sterile syringe, and then filtered the slurry onto a mixed-cellulose-ester filter membrane with 0.22 μm pores. Prior to sampling, we sterilized the membranes and filter housing using an autoclave (30 min at 121°C).
After filtering, we placed the membranes in sterile 2 ml centrifuge tubes, preserved them with 0.2 ml of sucrose lysis buffer (Giovannoni, Delong, Schmidt, & Pace, 1990) , and then stored them at −80°C.
We extracted total community DNA from reactor samples and marsh sediment using a MoBio PowerSoil DNA isolation kit.
We measured DNA concentration and purity using a Nanodrop spectrophotometer. Next, extracted DNA was shipped frozen on dry ice to the Environmental Sample Preparation and Sequencing Facility at Argonne National Laboratory, where 16S rRNA genes were amplified using the polymerase chain reaction (PCR) targeting the V4 region of this gene in both bacteria and archaea using the primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R
(5′-GGACTACNVGGGTWTCTAAT-3′; Walters et al., 2016) . Forward primers were barcoded to allow for multiplexing on the Illumina
MiSeq (Caporaso et al., 2012) . Following sequencing, amplicon libraries were processed using QIIME (Caporaso et al., 2010) and USEARCH (Edgar, 2010) .
Paired-end reads were joined with PEAR (Zhang, Kobert, Flouri, & Stamatakis, 2014) using the default settings and sequences that were unable to be joined were discarded. Joined sequences were then demultiplexed and quality filtered using QIIME (version 1.9.1).
Low-quality sequences were discarded based on the default criteria in QIIME (split_libraries_fastq.py). Using USEARCH (version 8.1), libraries were de-replicated and screened for chimeras, which were also removed. Remaining sequences were then clustered into operational taxonomic units (OTUs) at a 97% similarity cutoff using the cluster_otus command and the UPARSE-OTU algorithm (Edgar, 2013) . OTUs represented by only a single sequence across all samples (singletons) were discarded prior to downstream analyses. Quality screening and removal of singletons left 500,988
high-quality sequences from the original total of 569,229 leaving an average sequencing depth of 25,050 ± 8,883 sequences per sample. Representative sequences from each OTU were assigned a taxonomy using the UCLUST algorithm (Edgar, 2010 ) based on reference sequences in the SILVA reference database (version 128; Quast et al., 2013) . Raw sequence data collected for this study are freely available to download via MG-RAST (Meyer et al., 2008 ) under project mgp83967.
| Analysis of geochemical data from natural systems
To test the environmental relevance of our experiment results, we examined geochemical data from the U.S. Geological Survey (USGS) National Water Information System (NWIS). We isolated data based on whether the samples were analyzed for methane (parameters 68831, 76994, and 85574 (Lovley & Klug, 1986 ) and field observations (Flynn et al., 2013) .
In our analysis, we assumed that dissolved iron (parameter 01046) is present as ferrous iron (Fe(II)) because ferric iron (Fe (III)) is relatively insoluble at the near-neutral pH values of the samples in the dataset (avg. 7.86; Stumm & Morgan, 1996) . We also substituted detection limit values for methane and ferrous iron concentration in five and four samples, respectively, which had
concentrations below detection.
We tested the relationship of pH with iron and methane concentrations individually using two-tailed Spearman's rho (ρ) rank correlation tests. We also examined the relationship between pH and the molar ratio of iron to methane (Fe/CH 4 ). The ratio isolates changes in the balance between each reaction from variation resulting from differences in overall respiration rate. A similar approach was reported to be effective for evaluating the balance between iron reduction and sulfate reduction in sulfatebearing systems (Chapelle, Bradley, Thomas, & McMahon, 2009 ).
For all statistical calculations, we used Prism GraphPad, version 
| Mass-balance and geochemical modeling calculations
We used the results of our chemical analyses in mass-balance calculations that evaluated the extent of iron reduction and methanogenesis. We also performed thermodynamic calculations to evaluate the energy yields of each reaction. We carried out both calculations following Bethke et al. (2011) . Detailed descriptions of the calculations are available in the Supporting Information.
To evaluate chemical activities, siderite saturation, and sorption of ferrous iron, we performed chemical speciation and activity modeling using The Geochemists Workbench ® software (ver. 12). We carried out calculations only for samples that were analyzed for concentrations of all major ions. For the experiments, only samples collected on days 56 and 91 were completely analyzed. The software evaluated speciation and activity using the LLNL dataset and the B-dot equation. To simulate surface complexation, the model used the diffuse double layer (DDL) model (Dzombak & Morel, 1990 ).
We added equilibrium constants to the DDL dataset for adsorption of carbonate and ferrous iron surface species from Appelo, Van
Der Weiden, Tournassat, and Charlet (2002) and Dixit and Hering (2006) , respectively. The calculation assumed a goethite site density (2 sites/nm) consistent with Dixit and Hering (2006) and goethite surface area equal to 125 m 2 /g, based on a BET surface area analysis of our goethite that was performed by a commercial laboratory. We estimated goethite abundance for each sorption calculation based on our mass balance calculations.
| RE SULTS AND D ISCUSS I ON
| Variation in reaction proportions with pH
| Bioreactor experiments
Reactor chemistry varied considerably between acidic and alkaline systems (Figure 1 ). Relative to the media, pH increased in bioreactors that received acidic media (avg. pH 6.2) and decreased in those that received alkaline medium (avg. pH 7.4; Supporting Information Table S9 ). Acetate concentrations follow a similar pattern over time in the reactors (Figure 1a ). Concentrations were at their peak initially and generally fell to values near or below the detection limit (15.8 μM) by 49 days, where they remained.
Acetate concentrations ranged to levels greater than that of the aqueous media likely because of organic matter degradation in the marsh sediment itself. The ac-FeOOH and FeOOH-only reactors received aqueous media with 0.25 and 0 mM acetate, respectively, and had peak acetate concentrations ranging up to about 2.8 mM. In contrast, the no-FeOOH experiment received medium with 0.25 mM acetate and had peak levels ranging to only 0.2 mM.
Differences in peak acetate concentration between reactors likely reflect the extent to which organic substrates were depleted from the sediment inoculum before the reactors were initiated. The acFeOOH and FeOOH-only reactors started incubating at the same time, about 3 months after the marsh sediment was collected. In contrast, the no-FeOOH reactors started incubating about 6 months later. In addition, goethite availability may have also affected rates of organic matter degradation during the experiment given that only reactors with added goethite had high peak acetate concentrations.
In reactors containing goethite, levels of ferrous iron (Fe (II)) and methane responded differently to variation in pH (Figure 1b,c) .
Ferrous iron concentrations were considerably higher in reactors that received acidic medium (up to 3.43 mM) than those that received alkaline medium (up to 0.21 mM). In both sets of reactors, ferrous iron levels generally peaked within the first month of the experiment and then gradually declined, likely reflecting variation in the availability of organic substrates and ferric iron. Both were most abundant initially, favoring rapid iron reduction. As organic substrate and ferric iron availability decreased, however, iron concentration fell implying that ferrous iron production was unable to keep pace with ferrous iron removal by sampling, sorption, and possibly precipitation. In contrast to iron, the partial pressure of methane ranged to higher levels in reactors that received alkaline medium (up to 8.7 kPa) than those receiving acidic medium (up to 4.3 kPa) and the partial pressure largely increased throughout the incubation as methane accumulated.
Variation in levels of ferrous iron and methane implies a shift in electron donor consumption with pH. According to our massbalance calculations, iron reduction consumed 85% less electron donor on average in alkaline reactors than acidic reactors (Figure 2 ).
In contrast, methanogenesis consumed 61% more electron donor on average in alkaline reactors compared to acidic reactors. Therefore, methanogenesis displaced iron reduction considerably as pH increased from 6 to 7.5.
Results from reactors without added goethite differed considerably from those of goethite-bearing reactors. Iron and methane levels were both higher in acidic reactors than alkaline reactors on average. Iron concentration ranged up to 0.34 and 0.18 mM in acidic and alkaline reactors, respectively, and methane partial pressure ranged up to 2.5 and 1.7 kPa (Figure 1 ). Hence, both reactions occurred to a greater extent in the acidic reactors. These results contradict the pH-induced shift in the balance between iron reduction and methanogenesis in reactors containing goethite.
This result may reflect differences in ferric iron source. Goethite reduction consumes several protons (Table 1) , causing the reaction to be sensitive to pH (Bethke et al., 2011; Postma & Jakobsen, 1996) , as noted in the introduction. In reactors without added goethite, however, the only source of ferric iron was clay minerals in the sediment inoculum (Supporting Information Figure S3 ). Compared to (oxyhydr)oxide reduction, reduction of iron in clay minerals includes fewer protons and thus may be less sensitive to pH (Table 1) .
Moreover, the reactions may also release protons and thus may be favored by alkaline pH, although the impacts of reduction on clay mineral structure and chemistry vary (Dong, 2012) . Collectively, therefore, our findings suggest that pH may impact the balance between iron reduction and methanogenesis only in systems containing (oxyhydr)oxide minerals.
In addition to ferric iron source, other factors that may have contributed to differences between reactors with and without goethite include initial organic matter abundance and total iron availability.
Both were lower for the reactors without goethite than those with goethite. Lower organic carbon availability may have decreased the extent to which both iron reduction and methanogenesis could occur during the incubations. Indeed, electron donor consumption overall was lower for the no-FeOOH experiment compared to the others (Figure 2 ). In contrast, lower ferric iron availability may have only decreased the extent to which iron reduction could occur. The marsh sediment contained 0.7 mmol total iron per gram (Supporting Information Table S3 ) and not all of the ferric iron in clay is biologically reducible (Dong, 2012) . Thus, these geochemical factors may have altered the balance between each reaction relative to the other experiments. Nonetheless, despite these differences, the results from the no-goethite experiment still provide an opportunity to make useful comparisons because the experiment includes both acidic and alkaline reactors.
| Natural systems
The final dataset we retrieved from the USGS National Water Information System contains 87 samples, each collected from an aquifer in the United States between 1988 and 2016 (Supporting Information Table S11 ). In the dataset, pH shares a significant negative relationship with iron concentration (ρ = −0.50, p < 0.0001, n = 80) and a significant positive relationship with methane concentration (ρ = 0.22, p = 0.0366, n = 87; Figure 3a ,b). Reflecting these correlations, pH also shares a significant negative relationship with the ratio of iron to methane (ρ = −0.63, p < 0.0001, n = 80; Figure 3c ). Therefore, these relationships, like those in our experiments, are consistent with an increase in methanogenesis relative to iron reduction as pH increases. The iron-methane ratios of samples from the bioreactor experiments fall largely within the scatter of samples from the natural systems. Thus, the analysis provides evidence that the relationships observed in the experiments have broad environmental relevance. For reactors with added goethite, the iron-methane ratio is higher for acidic reactors than alkaline reactors on average, matching the trend in the natural systems. In contrast, for reactors without added goethite, the ratio is slightly higher for alkaline reactors than acidic reactors on average. Differences between acidic and alkaline reactors are significant for reactors with added goethite (p = 0.0043) but not those without added goethite (p = 0.1000), based on a two-tailed Mann-Whitney test. If we assume that iron (oxyhydr)oxide minerals are common in the terrestrial subsurface, given their widespread distribution (Cornell & Schwertmann, 2003) , these results further support our interpretation that pH influences the balance of each reaction only in systems containing iron (oxyhydr)oxides.
| Geochemical controls on iron-methane ratios
In addition to microbial reactions, geochemical reactions that likely influenced iron-methane ratios in the experiment and natural system datasets include variation in ferrous iron sorption and siderite precipitation. As noted previously, ferrous iron sorption onto iron (oxyhydr)oxides is pH dependent and becomes more favorable as pH increases. Similarly, siderite precipitation also becomes more favorable as pH increases. Therefore, ferrous iron concentrations may have been lowered more by sorption and siderite precipitation at alkaline pH than acidic pH. As such, even if the balance between iron reduction and methanogenesis was equal under acidic and alkaline conditions, the iron-methane ratio of the solution could still decrease with increasing pH.
Our surface complexation modeling predicts that more ferrous iron sorbed in the alkaline reactors than the acidic reactors (Figure 4a ), consistent with Dixit and Hering (2006) . Excluding results for one reactor sample that oxidized prior to analysis, goethite in the acidic reactors had 64 and 31 μmol of sorbed ferrous iron on average during days 56 and 91, respectively. During those dates in the alkaline reactors, goethite had 74 and 71 μmol of sorbed ferrous iron, respectively. Therefore, greater sorption would have lowered iron-methane ratios in the alkaline reactors than the acidic reactors. However, differences in the amount of sorbed iron are small relative to differences in dissolved iron concentration between acidic and alkaline reactors. As such, variation in sorption alone cannot completely explain variation with pH in iron-methane ratios.
Similarly, ferrous iron sorption likely affected the relationship between iron and pH in the natural system dataset but sorption alone does not appear to explain the strong relationship between each parameter. In the dataset, pH ranges from 5.7 to 9.2. Across this range, the ability of ferrous iron to sorb would vary considerably (Dixit & Hering, 2006) . However, 75% of the samples had pH 7.5 or greater. Above this pH, the ability of ferrous iron to sorb would vary little (Dixit & Hering, 2006 ) and yet, pH continues to share a significant negative correlation with iron (ρ = −0.35, p = 0.0056, n = 63) in samples with pH 7.5 and higher.
Regarding siderite, geochemical modeling calculations indicate that the mineral was supersaturated in acidic and alkaline reactors for all but one sample (Supporting Information Table S9 ). Although siderite precipitation is favored by alkaline pH, the saturation index (log (Q/K)) was slightly higher in the acidic reactors (avg. 1.07) than the alkaline reactors (avg. 0.94), in response to differences in ferrous iron availability. Thus, siderite precipitation may have affected iron concentration in both acidic and alkaline reactors, suggesting that it was not the cause of the decrease in iron-methane ratios with increasing pH.
In the natural system dataset, siderite was supersaturated in 20 of the 80 samples that had sufficient data for the calculation (Supporting Information Table S11 ). The saturation index of siderite shares a significant positive correlation with pH (ρ = 0.26, p = 0.0210, n = 80). Therefore, it is possible that siderite precipitation has indeed lowered the ferrous iron content of samples at higher pH and thereby reinforced the relationship between pH and iron-methane ratios. However, siderite saturation appears to be more closely linked to ferrous iron availability (ρ = 0.56, p < 0.0001, n = 80) than pH and average pH was only marginally higher for samples from the natural-systems dataset that were supersaturated (7.95) than those that were undersaturated (7.82). Thus, like sorption, siderite precipitation may have reinforced the relationship between pH and iron but does not appear to completely explain the strong relationship between each parameter. 
| Microbial community composition
| Iron reducers and methanogens
Analysis of the microbial community in each reactor provides insight into the ecological underpinnings of changes in the balance of each reaction with pH. Sequences classified within genera that contain species capable of iron reduction had an average relative abundance of 20.6% and 19.3% overall in acidic and alkaline reactor samples, respectively, and 1.3% in the marsh sediment ( Figure 5 ).
Those genera include Geobacter, Albidiferax, Anaeromyxobacter, and Geothermobacter. Of these, Geobacter was by far the most abundant, accounting for 89% and 77% of the putative iron reducer sequences in acidic and alkaline reactors, respectively.
Sequences that classified within families of methanogens had an average relative abundance of only 0.7% and 1.1% in acidic and alkaline reactor samples, respectively, and 0.3% in the marsh sediment. The largest groups of putative methanogen sequences classified within Methanosaeta and Methanosarcina, genera capable of forming methane from acetate (Kendall & Boone, 2006) as well as cooperation with iron reducers in DIET (Lovley, 2017) . Methanosaeta sequences accounted for 30% and 33% of the methanogen sequences in acidic and alkaline reactors, respectively, whereas Methanosarcina sequences accounted for 19% and 8%.
The relative abundance of putative methanogens varies consistently with the extent of methanogenesis predicted by our mass-balance calculations. In other words, the extent of methanogenesis and relative abundance of putative methanogen sequences both tended to be higher in alkaline reactors than acidic reactors.
However, the mass-balance calculations also show that methanogenesis consumed more electron donor than iron reduction for most of the reactors and yet, the relative abundance of putative methanogens was small relative to potential iron reducers in all reactors.
Previous studies have observed similar results. Methanogens commonly have a small relative abundance in methanogenic ecosystems (Mouser, Borton, Darrah, Hartsock, & Wrighton, 2016 ) potentially reflecting their low growth yield (Roden & Wetzel, 2003) .
The high relative abundance of sequences that classified within genera capable of iron reduction in alkaline reactors and reactors without added goethite also seems inconsistent with our massbalance calculations. Little iron reduction occurred in those reactors.
However, samples from the reactors contained a relative abundance of putative iron reducer sequences that was comparable to acidic reactors with goethite and much higher than the marsh sediment.
These findings suggest that changes in the balance between each reaction do not simply reflect variation in competition. If so, we would expect to find a direct relationship between relative abundance and reaction extent for iron reduction. Instead, we hypothesize that the balance between each reaction changed with pH in reactors with added goethite because, at basic pH, iron reducers increasingly transferred electrons to methanogens rather than goethite. As a result, cells associated with iron reduction, such as Geobacter, could still increase in relative abundance during the experiment despite a low amount of iron reduction. This hypothesis agrees well with studies that found evidence for participation of Geobacter in methanogenesis via interspecies electron transfer. Hori, Noll, Igarashi, Friedrich, and Conrad (2007) and Kim and Liesack (2015) found Geobacter to be one of the most active bacteria in methanogenic rice paddy soils that contain little ferric iron. Similarly, Morita et al. (2011) and found Geobacter species to be one of the most active bacteria in a methanogenic brewery wastewater digester.
Alternatively, the lack of a direct relationship between relative abundance and reaction extent may reflect the limitations of a 16S rRNA gene-based approach. Links between phylogeny and function can be ambiguous as a result of horizontal gene transfer and the metabolic flexibility of many groups of micro-organisms (Castelle et al., 2013; Koonin, Makarova, & Aravind, 2001) . Moreover, our sequencing analysis evaluates relative rather than absolute abundances, potentially obscuring the relationship between population size and reaction extent. However, many microbial traits are phylogenetically conserved (Martiny, Jones, Lennon, & Martiny, 2015; Martiny, Treseder, & Pusch, 2013) , particularly at lower taxonomic ranks (e.g., genus; Philippot et al., 2010) . Furthermore, although it is F I G U R E 5 Relative abundance of sequences classifying in taxa that contain species capable of (a) methanogenesis and (b) iron reduction. Bars depict mean relative abundance for bioreactors (n = 3) and marsh sediment (n = 2) and error bars show standard deviation. The pH of the aqueous media for the reactors is indicated under each bar. All orders containing species capable of methanogenesis are included in the sum of methanogens. Only genera representing at least 0.5% of the sequences from reactor samples were included in the sum of iron reducers. Specific taxa included in each sum are noted in the main text. Complete results from our taxonomic analysis are available in Supporting Information Table S10 [Colour figure can be viewed at wileyonlinelibrary.com] not always the case, direct relationships between relative abundance and reaction chemistry have been observed previously (Akob, Mills, & Kostka, 2007; Anderson et al., 2003; Flynn et al., 2013; Kirk et al., 2013 Kirk et al., , 2015 Roling, Van Breukelen, Braster, Lin, & Van Verseveld, 2001; Tischer et al., 2013 (Jin, 2012) suggesting that variation in growth yield or decay constants does not explain biomass generation for iron reducers in the alkaline reactors.
| Iron and methane oxidizers
In addition to iron reducers and methanogens, the taxonomic analysis indicates that some aerobic iron and methane oxidizers were present. Sequences that classified in the family Gallionellaceae, a group of aerobic iron oxidizers (Hallbeck & Pedersen, 2014) , had an average relative abundance of 4.6% and 1.6% for acidic and alkaline reactor samples, respectively, and 3.5% in the marsh sediment (Supporting Information (Mohammadi, Pol, Van Alen, Jetten, & Op Den Camp, 2017) .
Collectively, the average relative abundance of sequences classifying in these taxa was 0.8% and 1.1% for acidic and alkaline reactor samples, respectively, and 0.9% in the marsh sediment (Supporting Information Table S10 ).
Although these groups were present, their activity was likely limited by the lack of oxygen in the bioreactors. In contrast, ingredients necessary for anaerobic oxidation of methane (AOM) were present. Recent studies have shown that some anaerobic methanotrophic (ANME) archaea can couple AOM to iron reduction (Ettwig et al., 2016; Scheller, Yu, Chadwick, McGlynn, & Orphan, 2016) .
However, no ANME archaea were detected in our microbial community analysis.
| Potential geochemical triggers
Surface complexation and bioenergetics calculations provide insight into potential triggers that could have caused changes in microbial interactions with pH in the reactors that were amended with goethite. The rate and extent of iron reduction can be impacted by electron donor availability, ferrous iron sorption, thermodynamics, and other biogeochemical factors (Bethke et al., 2011; Roden, 2006) . As noted in the introduction, both sorption and thermodynamics vary with pH and thus have the potential to alter the balance between each reaction as pH changes.
Our surface complexation modeling predicts that more ferrous iron sorbed in the alkaline reactors than the acidic reactors, as previously described. At first glance, therefore, this result suggests that sorption may have indeed been a bigger impediment to iron reduction in alkaline reactors than acidic reactors. However, when we consider the amount of goethite present, the density of sorbed ferrous iron on goethite was 1.6 times higher in acidic reactors than alkaline reactors on average (Figure 4b ), reflecting the high ferrous iron concentrations in acidic reactors and greater consumption of goethite.
Thus, the calculation result indicates that sorption had a greater potential to limit iron reduction in the acidic reactors than the alkaline reactors, inconsistent with sorption as a mechanism causing observed variation in the balance between each reaction.
Bioenergetics calculations show that, while energy available for methanogenesis varied little between acidic and alkaline reactors, energy available for iron reduction varied considerably. About 25 kJ/ mol acetate was available for methanogenesis in both sets of reactors ( Figure 6 ). In contrast, 85 and 43 kJ/mol acetate was available for iron reduction in acidic and alkaline reactors, respectively.
Although iron reduction appears to have had an advantage over methanogenesis in overall energy availability, the influence of energetics on microbial reactions also depends on the amount of energy captured by cells (Jin & Bethke, 2007) . The difference between energy available and energy captured, described as usable energy, provides the thermodynamic drive for a microbial reaction (Bethke et al., 2011) .
In acidic reactors, usable energy was greater for iron reduction than methanogenesis, averaging 28 and 13 kJ/mol of acetate, respectively ( Figure 5 ). In contrast, in alkaline reactors, usable energy was greater for methanogenesis, averaging −13 and 14 kJ/mol acetate for iron reduction and methanogenesis, respectively. A negative value of usable energy indicates that iron reduction was not a viable metabolic strategy on average in the alkaline reactors. These values may also reflect analytical errors and inaccuracies in thermodynamic data (Supporting information). Nonetheless, the results indicate that usable energy was greater for methanogens than iron reducers in the alkaline reactors, consistent with the possibility that thermodynamic controls on iron reduction affected the balance between the two reactions.
The geochemical data from natural systems provide further support for a bioenergetic mechanism. The dataset contains
few constraints on concentrations of potential electron donors. Taken together with the results of our microbial community analysis, the results of our thermodynamic calculations suggest that iron reducers increasingly transferred electrons to methanogens at basic pH in response to the decrease in usable energy for iron reduction.
Consistent with this hypothesis, other studies have also found evidence that energetics influences electron transfer by iron reducers. Levar, Hoffman, Dunshee, Toner, and Bond (2017) showed that
Geobacter sulfurreducens selected between two internal electron transfer pathways based on energy availability potentially as a strategy to optimize energy capture. Similarly, Flynn et al. (2014) found that Shewanella oneidensis MR-1 respired elemental sulfur rather than goethite in response to energy limitations at alkaline pH. Thus, these studies suggest that energetics not only affect the ability of iron-reducer populations to grow but also affect the nature of their interactions with other biogeochemical cycles.
| CON CLUS IONS
Our findings identify a new role for pH as an environmental driver affecting the balance between iron reduction and methanogenesis in systems containing iron (oxyhydr)oxide minerals. Alkaline conditions favor methanogenesis, whereas acidic conditions promote iron reduction. The results also suggest that the influence of pH may depend on the availability of iron (oxyhydro)oxides. The impact of pH was notable in the reactors amended with goethite but not in those where clay minerals served as the main source of ferric iron.
We suggest that the impact of pH on the balance between the reactions should be considered when predicting greenhouse gas emissions from systems containing ferric (oxyhydr)oxide minerals. Iron reduction is very effective at converting CO 2 into carbonate alkalinity because the reaction consumes a large number of protons. Thus, the reaction works to trap inorganic carbon in aqueous systems as dissolved ions and potentially as carbonate minerals such as siderite (Kirk et al., 2013) . In contrast, methanogenesis generates methane, a potent greenhouse gas with low aqueous solubility that can easily be lost to the atmosphere (Hope, Palmer, Billett, & Dawson, 2001) , and much less carbonate alkalinity than iron reduction. Therefore, changes in the balance between each reaction with pH have the potential to significantly alter greenhouse gas emissions.
Furthermore, we hypothesize that the balance between each reaction changes with pH because interactions between methanogens and iron reducers become increasingly syntrophic at higher pH in response to a decrease in usable energy for iron reduction. If true, other environmental variables that affect the energetics of microbial iron reduction, such as ferric mineral crystallinity (Postma & Jakobsen, 1996) , may also affect the nature of interactions between iron reduction and methanogenesis. Additional research is needed to fully evaluate underlying mechanisms.
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